In the flexible road pavement design a mechanistic model of a multilayered half-space with linear elastic or viscoelastic layers is usually used for the pavement analysis. This paper describes a domain selection for the purpose of a FE model creating of the linear elastic layered half-space and boundary conditions on borders of that domain. This FE model should guarantee that the key components of displacements, stresses and strains obtained using ABAQUS program would be in particular identical with those ones obtained by analytical method using VEROAD program. It to achieve matching results with both methods is relatively easy for stresses and strains. However, for displacements, using FEM to obtain correct results is (understandably) highly problematic due to infinity of half-space. This paper proposes an original method of overcoming these difficulties.
I. R ,      
The mechanistic model of a multilayered half-space with linear elastic or viscoelastic layers is usually used for the pavement analysis in the process of flexible pavement structure design. Proposed by B [1] and developed to by many authors this model is also recommended in legal regulations [2] .
The acting of standard single tyre of a heavy vehicle is usually applied as a load of the pavement. The load can be distributed uniformly over the circular area or in another way. In the first case it is possible to find the solution of the problem of static and quasi-static deformation (with the use of cylindrical coordinates) by the means of analytic method (F-H transform included -see [3] ). Both BISAR program [4] (for elastic deformation) and VEROAD program [5] (for viscoelastic and elastic deformation) are based on this solution.
Finite Element Method (FEM) is used for solving the above problem too, especially when conditions for analytical method application are not met -namely when tyre-pavement contact area is not assumed as circular and the load is not assumed to be distributed uniformly (like in [6] , where the contact of the tyre with the pavement is modelled by a set of rectangles and varying load intensities to build a 3D model).
However, while building a FE pavement model based on a infinite material continuum model, the key problem is to properly select a bounded subdomain D and boundary conditions on its borders (except of the top surface where the load of pavement is done). These would be the subject of FE modelling, including assumption of finite element shapes and sizes, node positioning, degrees of freedom, integration method etc. The research shows that for the deformation of a cuboid-shaped domain D= V and for a rotationally symmetric (RS) deformation of a cylindrical domain D= W , when load acts in the vertical direction and is uniformly distributed over a circular area C on the top of W or V domain, the important values (also maximal) of key stresses and strains stabilize as the domain size expands, whereas these values of vertical displacements (maximal pavement surface deflections included) do not exhibit such behaviour.
Numerous works regarding the use of FEM in pavement analysis either disregard the above question or assume FE model parameters a priori with neither substantiation, nor verification or validation. Moreover, assumed parameters are not confirmed as valid in calculations made for the purpose of this paper. Only in the work [7] , in a comprehensive finite element meshes and domain selection analysis, this issue is approached in greater detail. For the vertical load uniformly distributed over a circular area C , the length (and width respectively) l of said domain is recommended to be of at least 40r and depth (height) h is recommended to be of 140r are for both rotationally symmetric and 3D models, where r is the radius of the loaded area C . While the first of the recommended values is acceptable, calculations show that assuming such a high h value is not necessary as it makes for a complex computational problem (which is especially important in 3D modelling). All results important in pavement design are correct since h = 45r, apart from vertical displacements values which do not achieve the sufficient accuracy even for the recommended l = 40r and h = 140r.
Similarly, different boundary conditions on the borders of the domain D (except for the top surface) are assumed with no explanation and in isolation from the size of that domain. The paper [7] is again the only one which contains recommendations for the support conditions of the domain D (in connection with the proposed domain size under the base load). All degrees of freedom at the bottom of the domain D are constrained, while the side surfaces are constrained only in the direction perpendicular to these surfaces; but, as this research shows, assuming identical boundary conditions on side and bottom borders causes negligible differences in results, if the sizes of D are sufficient for accurate calculation of strains and stresses. According to the Author of [7] , using infinite elements on the borders of domain D allows for a substantial (up to 50%) reduction of D size while preserving accuracy of results. Unfortunately, most professional engineering programs do not provide infinite elements. Besides, infinite elements are not proper for nonlinear problems.
To specify research subject of the paper, the following was assumed: 1. A segment of a typical (representative for discussed problems) flexible road pavement (P) is considered, with construction layers (including the soil stabilized course) that are of constant thickness, materially homogeneous and perfectly bonded, onto which a vertical load of a standard tyre is applied; 2. A mathematical-physical (mechanistic) model of the pavement (P) (a referential model -RM) is a classic material continuum in the form of a layered half-space (C) with linearly elastic, homogeneous, isotropic layers of constant thickness modelling pavement construction layers and a layer of infinite thickness modelling pavement subsoil, and with full continuity conditions of displacements reflecting perfect bond between layers; 3. Continuum (C) is statically loaded over the upper boundary surface S, the load is distributed uniformly over a circular area C with radius r, perpendicularly to S, and with resultant equals to the wheel load P. The task posed for this work was the efficient determination of the static deformation of the pavement (P) using FEM, ergo the deformation of the half-space (C). To this aim, a cylindrical (prismatic) domain D was virtually separated from the medium (C) (to build FE model of (C)), in such manner that the domain (cylindrical) D has a cross-section (arbitrary) F and the height h, upper base F 0 contained in the surface S, bottom base F h parallel to S, and side surface B perpendicular to S. The centre C of base F 0 of domain D is in the centre of loading area C (Fig. 1.) . The objective of the paper is to present a way of finding the height h of the domain D, respectively to the assumed shape and sizes of its cross-section F and to properly assign the boundary conditions on boundary surfaces F h and B -so that the solution of the described problem obtained using FEM by means of ABAQUS/Standard program [8] was in particular sufficiently similar to the exact, analytical, RM based solution (i.e. for the layered half-space (C)), obtained using VEROAD program.
The presented method is based on some general premises and exemplary data for the domain D= W of a circular cross section (a rotationally symmetrical computational model -RS), in relation to RM model of pavement (P) (i.e. for the half-space (C)) and in relation to an "auxiliary", homogeneous and isotropic, linearly elastic half-space (H) loaded in the same way as medium (C) is. Next, the method was directly verified with the domain D=V of a rectangular cross section (a 3D computational model) in relation to the RM model of pavement (P). Finally, it was indicated that there are possibilities to expand the scope of application of the proposed scheme of domain D selection.
In section 2, detailed description of an exemplary typical pavement is given, as well as data concerning this pavement's referential model RM (i.e. the layered half-space (C)) and the auxiliary homogeneous and isotropic half-space (H). The external load is also specified and important parameters of finite element models (built for considered here domain D shapes and sizes and boundary conditions on F h and B borders of D) are precisely stated. This includes finite element shapes and sizes, node positioning, degrees of freedom, integration method etc. These elements have been adequately studied and already verified in [9] - [12] , the results of which are used here respectively. Similar assumptions were applied in this respect in the monograph [13] .
Section 3 focuses on the key problem of proper selection of the domain D with appropriate support conditions on its boundary surfaces F h and B. A certain sequence of steps is proposed which leads to precise enough results of the key values describing deformation and effort of considered pavement.
Section 4 contains a summary and conclusions, as well as some potential applications and expansion directions of the presented method, which are not discussed in the main body of the paper.
It is worth adding that the general methodological basis for the verification and validation of computational models, including the use of FEM are discussed in the paper [14] . On the other hand, FE computational models in use in physical (mechanistic) plate models of rigid (concrete) pavement were analyzed, among others, in the works [15] and [16] .
D   
Consider a typical, representative, flexible layered pavement loaded with a single heavy vehicle tyre, as presented in Fig. 2 .
A material continuum in the form of a layered half-space (C) is used as a mechanistic model (referential model RM) as stated in section 1. It consists of homogeneous and isotropic layers made of Hookean material, that model pavement layers (as shown in Fig. 2 .) of constant construction layers' thickness and infinite sub-grade thickness. Onto these layers a vertical uniform load of intensity p = 650 kPa is applied on circular area C that has radius r and is a part of upper surface S (Fig. 1.) , where
where resultant tyre pressure is P = 50 kN. Fig. 3 . shows values of Young's moduli E i , Poisson's ratios v i , thicknesses h i of continuum (C) and load parameters. Data used here is the same as in [9] , [11] , [12] . The considered load is a certain simplification of the vehicle tyre impact on pavement. Even such a simple model of this impact as an uniformly distributed load of intensity p (which is approximately equal to tyre inflation pressure) over a circular area C with radius r is commonly used in research and computing programs (see [1] , [3] , [4], [5] , [7] ). Additionally an auxiliary homogeneous, isotropic, viscoelastic half-space (H) and loaded in the same way as the layered half-space (C) is used, with Young's modulus E and Poisson's ratio v equals
A finite element rotationally symmetrical calculating model RS was built by assuming D to be a cylindrical domain W of l × h size (l -diameter, h -height), whose axis is perpendicular to surface S of either (C) or (H) domain respectively, and goes through centre C of the circular loading area C . When rotationally symmetrical boundary conditions on boundary surface ∂W are assumed, it is sufficient for finite element modelling to assume a rectangle R that is an intersection of W and the half-plane formed by the axis and a Cartesian x-axis along which (conventionally) the vehicle wheel moves (Fig. 4.) .
Finite elements of R are as follows (Fig. 5 .): rectangular elements whose sides are parallel to R 's sides, 8-noded (with nodes in vertices and at the centre of each edge), with quadratic shape functions of every parametric variable. Horizontal edges of the elements are laid on borders of the layers or parallel to the upper edge and are about 2 cm high at a close distance to the loading area C (also in half-space (C) layers) and grow proportionally towards the bottom edge, up to about 10 cm in height at 5 metres below the upper edge. The elements are about 2 cm in width just under the loading area and similarly grow proportionally the further they are from the axis, up to about 10 cm in width at 3,5 meters away from it. Accurate Gaussian method is used for integration within elements. Degrees of freedom are the displacement components w x and w z at nodes along the axes of R plane. The finite element of three dimensional (3D) computational model was built by assuming D to be a cuboid-shaped domain V of l × b × h size (l -length, b -width, h -height), that has a centrally positioned circular loading area C on the upper base. The origin of the Cartesian coordinate system (x, y, z) for V falls in the centre C of circle C . The x-axis goes along the symmetry axis of the cuboid's upper base F 0 (along the vehicle's movement direction), and the z-axis goes downwards into the pavement. Assuming that the boundary conditions on the boundary surface ∂V are bisymmetrical, all that is needed for finite element modelling is a U domain which is formed by one quadrant of the xy plane and the z-axis (Fig. 6.) .
Finite elements of U are as follows (Fig. 7. ): prism-shaped elements with quadrate bases which are contained in planes parallel to surface S (also on borders of the layers), 20-noded (with nodes in vertices and at the centre of each edge) with quadratic shape functions of every variable.
Horizontal edges of the elements are laid on borders of the layers or parallel to the upper surface and are about 2 cm high at a close distance to the loading area C (also in half-space (C) layers) and grow proportionally towards the bottom surface, up to about 10 cm in height at 5 metres below the upper surface. The elements are about 2 cm in width just under the loading area and similarly grow proportionally the further they are from the symmetry plane, up to about 10 cm in width at 3,5 meters away from it. Accurate Gaussian method or reduction is used for integration within elements. Degrees of freedom are the displacement components w x , w y and w z at nodes along the axes of V plane.
There are two kinds of boundary conditions on boundary surfaces F h and B of domain D used (Fig. 8. ):
• BC-1 -fixed in the perpendicular direction to the side surface B and to the bottom base F h (and freedom in the tangent directions on both surfaces) • BC-2 -fixed in the perpendicular direction to the side surface B and Winkler-type elastic support in the direction perpendicular to the bottom base F h (and freedom in the tangent directions on both surfaces), with a rigidity ratio (for both the multilayered half-space (C) and homogeneous one (H) -see Fig. 3 .))
,
where E is a modified Young's modulus (for one-dimensional sub-grade layer deformation), and h is a sub-grade thickness that is replaced by the Winkler-type support. ABAQUS/Standard program was used for calculations; for RS using a PC and using a multi-processor cluster for the 3D model. Values of stresses, strains and displacements components were calculated. Due to its importance in pavement structure, w z displacement was calculated particularly (especially deflection of the upper surface S) as well as strains ε xx (especially at the bottom of the asphalt layers) and ε zz (especially at the upper surface of the sub-grade) and strain σ xx (especially on the upper surface S). Also the variations of these quantities along the thickness of analysed continuums (C) (pavements (P)) under the centre C of the loading area are essential. These are presented as a function of variable z where x = 0, y = 0. This paper focuses mainly on how the domain D size influence the accuracy of the calculations for the analysed values, in relation to those values obtained using referential models RM (i.e. for half-spaces (C) and (H)) and the VEROAD program, and for the homogeneous half-space (H) also in relation to precise results [17] . All other parameters for the problem were assumed as stated above (they were verified in works [11] and [12] ). 
D   FEM 
While section 2 focused on describing the process of building finite element models of analysed pavement (P) based on referential model RM (which is a layered half-space (C)) and on building auxiliary finite element models of the homogeneous half-space (H), in this section the key element of the paper is presented. That element is to assign the size l × h of the domain W of the RS model, and the size l × b × h of the domain V of the 3D model -in such a way that it makes the solution to the problem of static deformation of mentioned media obtained using the proposed FE models match the results obtained by using VEROAD program (based directly on the equations for (C) medium). Also, in case of the half-space (H) the results received using FE model should match the precise solution based on the starting model, known in the elastostatics [17] , it means the values of displacements, stresses and strains: -under the centre C of loading circle C , i.e. along the z-axis where x = y = 0 (3.1)
-on the surface S along the x-axis where z = 0, y = 0
, x ∈ (r, ∞),
, x ∈ (r, ∞)
where G = E/ [2(1+v) ] is shear modulus. Especially, maximal surface S deflection in the centre C of the loading area C (where x = y = 0) equals Tables 2-4 show maximal values of the key quantities calculated on the basis of the RS and 3D models of analysed pavement (P) (layered half-space (C)) for different domain W and V sizes with boundary conditions BC-1 and BC-2 and on the basis of the RM model (obtained using VEROAD program) -under the centre C of the loading area (where x = y = 0).
Results presented in Tables 1-4 lead to a conclusion that maximal values of stresses and strains stabilize as the domain W size grows, and that for pavement (P) it is enough for these sizes to be l =7m, h =5m. For every greater size these values remain practically unchanged. Very similar values of analysed quantities and their stabilization were obtained with BC-2 boundary conditions for the 3D model of analysed medium (C) (as the model of pavement (P)). Tables 2-3 also show that for a given l, a height h can be chosen with BC-1 boundary conditions, and for given l, h a h' value (of the additional layer of subsoil with BC-2 boundary conditions), in such a way that maximal deflections on surface S of pavement (P) obtained from the RS model match these obtained from the RM model (see Table 5 and Fig. 13.) .
It was established, that diagrams of maximal pavement deflections (from the RS model with BC-1 boundary conditions) vs. height h of domain W for consecutive lengths of the l diameter of this domain are linear (see Fig. 13.) .
Analogical diagrams based on the Table 1 data, in respect of maximal deflections of upper surface S of the homogeneous half-space (H), obtained from the rotationally-symmetrical finite element model of this medium (Fig. 14.) , are also linear.
It was found, that in the case of a continuous, viscoelastic, homogeneous and isotropic layer (L) of finite height h, which is supported at the bottom (boundary surface S h ) as in BC-1 and uniformly and statically loaded on the upper boundary surface S = S 0 with a load of intensity p, the solution of the static (one dimensional) and with boundary conditions BC-1.
P P P P P P P deformation problem is a set of functions of variable z only, which equal [18] :
(remaining displacements, stresses and strains components equal zero), where E' is a modified Young's modulus (see Eq.(2.3) 2 ):
.
With z = 0 the displacement of the upper surface S 0 equals: In the case of structure of many such layers (L) we also obtain a precise solution of the problem of continuum (L) static deformation in a form of a piecewise linear function of w z displacements and formulae for remaining quantities identical to Eqs. (3.4 ). An example of such situation is a pavement (P) model in the form of layers set (C) where the last layer models a subsoil with a finite height h 6 . The upper surface displacement is described by formulae (see Eq. (3.6)):
. . , n; n = 6).
We obtain identical solutions in the case of both one layer and a set of layers as described above, but in the domain D (of arbitrary cross section F ) with boundary conditions BC-1 (including a cylindrical domain W and a cuboid shaped domain Vas in RS and 3D models of pavement (P)) and loaded uniformly on the entire upper surface F 0 with a load of intensity p.
Demanding that the displacement (3.6) of the upper surface F 0 of the domain W of layer (L) was the same as the maximal deflection (3.3) of the homogeneous half-space (H), when intensity of the load distributed over a circle area of radius r = l/2 (ldiameter of surface F 0 ) is constant, i.e.:
it can be concluded that the height h of the domain W (regardless the value of p) is a linear function of diameter l of the cross-section of this domain.
With this premise and the results in Table 1 and Fig. 14 for deflections calculated on the basis of a FE model RS of half-space (H) with boundary conditions BC-1, it was verified that the height h d of domain W , which needs to be assumed to get the precise solution (3.3) for displacement w z , is linearly dependent on given values diameter l of the cross-section F of domain W (Fig. 15 and Table 6 ): It was also noted, that pairs of value measurements (l, h) on Fig. 13 . lines, for which the maximal deflection w z from the RS model of pavement (P) with BC-1 boundary conditions equals the maximal deflection from the RM model (from VERO-AD program), i.e. w z =0,2414 mm, form a straight line as shown on Fig. 16 ., which illustrates a linear dependence:
where h d is such a height of the domain W with given l which also allows for finding sufficiently precise values of w z displacement from the RS model. It should be noted that l should be high enough to ensure sufficient compatibility of values of important component, stresses and strains obtained from the RS model and from the RM model. Factor of proportionality c (P) is shown in Table 7 .
In one dimensional deformation of the domain D of pavement (P) (of the multilayered half-space (C), of the homogeneous half-space (H)) with boundary conditions BC-1, that is:
the displacement of the upper base F 0 of the domain D equals (by known structural mechanics formulae):
where P is a resultant of the vertical load applied over the area C (any) with a centre C positioned in a geometric centre of base F 0 (P is the resultant pressure of a vehicle's tyre), where F is the area of this base (of the domain D cross-section F ) and E' is 
It is also possible to still use boundary conditions BC-1 after reduction of domain W height. In that case a constant value (see Table 7 Assuming the h = h z and boundary conditions BC-1 (without (3.15) correction) has no effect on the stress and displacement values calculated from the RS and 3D models when compared with results obtained using boundary conditions BC-2 where h = h z (or BC-1 boundary conditions where h = h d ), Table 9 . 
S  
The presented method of selecting a bounded subdomain D out of a material half-space layered continuum (C) constructed of finite number of elastic, homogeneous and isotropic layers of constant thickness and a layer infinitely thick, which is in a steady deformation state caused by a load perpendicular to the surface S of medium (C) and distributed uniformly over a circular area C , ie. a sub-medium of (C) which is assumed as a model of flexible pavement (P) loaded by a vehicle tyre, is correct for BC-1 boundary conditions. The c (P) ratio in the key linear dependence (3.10) h d = c (P) l r l r (l r -diameter of a referential cylindrical domain W r of height h d ) is appropriate for selected set of layers (and their physical and geometric properties -see Fig. 2 ). In order to find that ratio it is sufficient to know the exact deflection under the centre of loading area C of the layered half-space (C) (or, to know the real maximum surface deflection of pavement (P) which is respectively modelled by that half-space) and the values of deflection from the RS model defined by cylindrical domain W with two values of its height h for a given diameter l of this domain, with boundary conditions BC-1 and with a given load (see Fig. 13. and 16. ).
Determining of dependence h d = c (P) l r , ie. the coefficient c (P) is also possible without knowing the precise value of deflection of the centre C of loading area C of layered half-space (C), i.e. only on the basis of straight graphs showing the dependence of maximal deflection w z on height h of domain W with various widths l (see Fig. 13.) . For this aim one should select such value of w z (it will be the sought exact value of maximal deflection of medium (C)), that the points of intersection straight line w z = const with straight graphs of dependence of maximal deflections on heights of domain W were lied on one straight line passing by coordinates (h, l) origin (Fig. 15.) .
There is a possibility of reducing the h d height of the domain D to h z which is calculated with Eq. (3.14), (3.10) and (2. Of course the horizontal size and height of the domain D (which is modelled with finite elements) have to be big enough for FE model key values of strains and stresses to be sufficiently precise (stabilized with growth of D sizes; see Table 2 ).
The method described above can be used for selecting a cylindrical domain D = W , which is obvious, and for a cuboid-shaped domain D = V , which was verified for a system of layers considered here (see Fig. 2.) .
Moreover, taking into account: a) cited solutions for the problem of one-dimensional static deformation of the continuum (C) occupied by domain D with a cross section F , that is loaded vertically on the upper base F 0 with forces of a resultant P in the centre of area F 0 with boundary conditions BC-1, b) identical solutions for the problems of one-dimensional static deformation of the above solid loaded on the upper base with a load of intensity p and of one-dimensional deformation of a set of infinite layers of identical transverse structure, loaded uniformly and vertically on the upper base with a load of intensity also p, c) the existence of a domain of the medium (C) loaded statically in a direction perpendicular to the boundary surface on a bounded surface of this space, outside which the strain and stress states do not differ considerably if loads implicating them are equivalent and component values of strains and stresses disappear at a large distance from the loading area (Saint-Venant's principle), it can be concluded that the described method of selecting domain D of continuum (C) (of pavement (P)) can be used for: 1. a cylindrical domain with an arbitrary (rational) cross-section F whose area is substituted for F in Eq. (3.13) to find the diameter l r of the referential cylinder W r with a circle-shaped cross-section and next to find height h d = c (P) l r of this cylinder (equal to domain W height), as long as we assume boundary conditions
